The triangular antiferromagnet YbMgGaO 4 has emerged as a candidate for hosting quantum spin liquid state, an exotic state of matter featuring a high degree of entanglement and often characterized as without magnetic ordering in the zero-temperature limit. However, the nature of the ground state in this system has been the subject of ardent debates, as recent work has shown that chemical disorder may contribute to quantum spin liquid-like features. Here we report a fieldinduced phase transition observed via diffuse neutron scattering and magnetic susceptibility
measurements. Comparisons to Monte Carlo simulations, using semi-classical spins and disorder, and Density Matrix Renormalization Group for the zero-temperature limit, reveal crucial information about the ground state and the roles that thermal fluctuations and chemical disorder play in the observed behavior.
Main text:
In the past few years the frustrated triangular antiferromagnet YbMgGaO 4 (Fig. S1 ) has been scrutinized as a possible host to the quantum spin liquid (QSL) state. While QSLs appear in many forms, a positive definition of QSLs is nearly as elusive as real-world examples (1) . QSLs are usually identified by the absence of long-range order in the zero-temperature limit, and an exceptionally high degree of long-range entanglement (2) . Thus, proving the existence of the QSL state is an exceptional experimental challenge, and to this date only few promising candidates are known (2) . To that end, identifying probes to effectively examine the ground state of the QSL candidates is of utmost importance. Here we demonstrate that magnetic field can be utilized as an effective probe to shed light on the nature of ground states in QSL candidates. Furthermore, we discover the critical role of thermal fluctuations in this highly frustrated system, which are found to work alongside quenched disorder to create the observed spin liquid features.
Strong spin-orbit coupling and an odd number of electrons per unit cell have been identified as features conducive to exotic ground states (2, 3) , bolstering YbMgGaO 4 's QSL candidacy.
Consequently, a multitude of theoretical studies (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and experimental techniques have sought to probe the phase diagram and elucidate the nature of the ground state (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Recently, the effects of quenched disorder due to site-mixing between non-magnetic Mg 2+ and Ga 3+ have come under scrutiny (5, 10, 16, 19, 20) . Inelastic neutron scattering measurements have suggested that crystalline electric field (CEF) levels are broadened by a distribution of ytterbium-oxygen bond distances due to the Mg 2+ /Ga 3+ site mixing, leading to a distribution of effective spin-half -factors and explaining the broadened low-energy magnetic excitations in the polarized state (16 show the critical roles of disordered exchange interactions and -factors, but also of thermal fluctuations, in producing the observed features.
The YbMgGaO 4 single crystal (Fig. S2 ) was grown using the optical floating zone technique.
Rietveld refinement of powder X-ray diffraction measurements confirmed the pure phase ( Fig.   S3A ), while Laue X-ray measurements ( Fig. S3B ) and neutron diffraction confirmed that the crystal was high-quality and single-grain. The magnetization and susceptibility results collected at temperatures down to T = 1.8 K (Fig. S4) were consistent with earlier reported results (15, 17, 21 ).
We performed ultra-high resolution magnetic susceptibility measurement on YbMgGaO 4 using TDO technique (Fig. S5A ) up to fields exceeding saturation at temperatures down to 350 mK ( Fig.   1 ). Comparison to cantilever torque magnetometry results (Fig. S5B ) confirms the appearance of an anomaly near 2 T (Fig. 2C) . The anomaly weakens with increasing temperature, vanishing near 4 K (Fig. 1A) . The greater prominence of the feature in both techniques with applied field perpendicular (versus parallel) to the c axis (Fig. 1B) is consistent with easy-plane anisotropy found in earlier experiments (15, 21, 25) . The anomaly is likely a remnant of the quantum mechanical 1/3 magnetization plateau, as will be discussed below.
To gain insight into the magnetic structure of the anomaly detected in the above measurements, and to explore its field dependence, we conducted diffuse neutron scattering with the c axis parallel to the field ( Fig. 2A) . We subtracted 20 K (background) signal from 130 mK data for integer fields from 0 to 5 T, isolating the magnetic contributions. To improve statistics and exploit 6-fold symmetry, we averaged intensity upon rotating in 60-degree steps about the l-axis (see Supplementary Materials for details, Fig. S6 ). After normalizing and accounting for a temperature scaling factor, integration over -0.5 < l < 0.5 in reciprocal space for zero field shows diffuse magnetic scattering at high-symmetry M points, indicative of short-range correlations and consistent with previous neutron measurements (15, 17, 25) . With increasing field, the spectral weight shifts toward the K points -at H = 1 T the spectral weight is comparatively flat along the zone edge, while at H = 2 T the diffuse spectral weight is centered on the K points, likely corresponding to the feature in our magnetic susceptibility data (Fig. 1) . When field is further increased, the scattering intensity at K points diminishes as the system approaches saturation.
Integration of the spectral weight in a rectangular volume along the first Brillouin Zone (BZ) edge shows the shift in spectral weight from the M to K points and the reduction in intensity with increasing field (Fig. 2C ).
Here we use a semi-classical approach to demonstrate that the lack of magnetic Bragg peaks and the broad continuum of magnetic excitations can be attributed to thermal fluctuations as well as chemical disorder. Main aspects of the observed phenomenology can be reproduced (Figs. 2B, 2D) with a classical spin model that reproduces the observed magnon dispersion above the saturation field ( Fig. S7 ) and has long range magnetic ordering at T = 0 (Fig. S8) . Moreover, we show that the reported disorder in the -factor and in the exchange interactions (16) ( 1) where the phase factor )* = 1, )7?/A and .)7?/A , for each of the three principal directions of the triangular lattice. Thus, the interaction tensor of the classical Hamiltonian can be written as,
We consider a set of Hamiltonian parameters, ± = 0.66 '' , ±± = 0, '± = 0.13 ' The static magnetic structure factor is calculated by a standard Metropolis sampling algorithm while the dynamical structure factor ( , ) is computed by Landau-Lifshitz dynamics (27). Both types of structure factors shown throughout this paper are calculated by averaging over 60 independent sets of 2000 configuration samples from a standard Metropolis sampling algorithm on a 48×48 supercell (2304 spins), followed by a slow annealing process starting from a random disordered spin configuration.
To account for the effects of quantum fluctuations, we have computed the curve with the DMRG method on the = 1/2 version of H (without disorder), for field directions parallel to the -axis and to the -plane. The resulting curve exhibits a characteristic plateau at 1/3 of the saturation value (27, 28), which is bigger for ⊥ because of the easy-plane anisotropy (Fig. 3 ).
This plateau phase is a true quantum mechanical signature: quantum fluctuations favor collinear configurations. The effect of quantum fluctuations can then be reproduced by adding an effective bi-quadratic interaction to the classical Hamiltonian (29, 30),
where H is the classical spin Hamiltonian given in Eq. (1) To compare the calculations and TDO magnetic susceptibility results, we subtract T = 4 K measurement as background from the T = 0.35 K data, then integrating with respect to applied field yield a curve proportional to magnetization (Fig. 4) . The extracted magnetization curve shows a distinct non-linearity that can be seen in the low-temperature calculation result, which is performed in the absence of site disorder. These results suggest that the absence of the feature in curves noted in earlier work (15, 17, 21) , is due to thermal fluctuations (since these were measured from 1.7 K to 2 K), though we note the 0. 
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Sample Synthesis and Preliminary Characterization
Powder of YbMgGaO 4 (structure shown in Fig. S1 ) was produced by finely grinding mixed powders of Yb 2 O 3 , MgO, and Ga 2 O 3 , and reacting at 1150° C in a box furnace. The product was ground again to a fine powder, compressed hydrostatically into a rod, and then sintered at 1500° C in a vertical Bridgman furnace. Finally, large single-crystals of YbMgGaO 4 were grown using the optical floating zone method (Fig. S2) . A typical crystal was grown in an O 2 atmosphere at 1 MPa, with an initial growth speed of 20 mm/hr, and upon stabilization of the liquid zone, ~ 4 mm/hr until finished.
We confirmed the powder and crystal phase at each step of the synthesis using ground powders and the Panalytical X'Pert PRO X-ray diffraction system (using Cu K-α 1.5418 nm X-rays) and Rietveld refinement via FULLPROF (31). Single-crystal quality and alignment was determined using Laue X-ray diffraction (Fig. S3B) . Preliminary susceptibility measurements were carried out on a powder sample using a Quantum Design MPMS SQUID magnetometer down to 1.8 K, and confirmed previous measurements of the Curie-Weiss temperature Θ ≈ -4 K.
High-Sensitivity Magneto-Transport Measurements
High-sensitivity measurements of magnetic susceptibility were achieved with the complimentary tunnel diode oscillator (TDO) technique and torque magnetometry. In a TDO measurement, a tunnel diode is biased to operate in the "negative resistance" region of the IV-curve. This provides power that maintains the resonance of a LC-circuit at a frequency range between 10 and 50 MHz. An approximately cylindrical single crystal sample with dimensions of ~2 mm in length and ~1 mm in diameter was placed inside a detection coil, with the axis of the sample aligned with the coil axis (Fig. S5A) . Together, Using cantilever torque magnetometry to measure directly the sample magnetization is extremely challenging due to the requirements of extremely small sample size and precise calibration of the cantilever. However, the measurement provides a straight-forward way of corrobating features observed in TDO mesurements. In The data were reduced using Mantid for the Lorentz and spectrum corrections (35).
To account for the temperature factor in our background subtraction in total-scattering mode, we compared the ratio of integrated intensities of a small background region in reciprocal space at 5 T for both temperatures. The region was bounded by -0.9 < h < -0.75, 0.75 < k < 1.1, and -0.5 < l < 0.5; the l range is consistent with our Brillouin Zone (BZ) edge and planar integrations. We used the second BZ and 5 T data to avoid skewing the integration at low temperature due to diffuse magnetic scattering. This integration approximates the ratio of Bose population factors -our scaling factor was 1.133±0.005.
To improve statistics, we used the 6-fold symmetry (in accordance to the crystallographic symmetry of the sample) to add our data 6 times at subsequent 60° angles and average. All analysis and visualization were performed using Mantid and Python. The background subtracted data before symmetry operations is shown in Fig. S6 , and after symmetry operations (with higher statistics) is shown in Fig. 2 of the main text. 
